The a 2 -adrenoceptor antagonist idazoxan may improve motor symptoms in Parkinson's disease and experimental Parkinsonism. We studied the effect of idazoxan on haloperidol-induced catalepsy in rats, an animal model of the drug-induced extrapyramidal side effects in man. Catalepsy was induced by a subcutaneous (s.c.) injection of haloperidol (1 mg/kg) and measured by the bar test for a maximum of 5 min. At 3 h after haloperidol, rats were given 0.16-5.0 mg/kg s.c. idazoxan, and descent latency was measured 1 h later. Idazoxan potently reversed haloperidol-induced catalepsy with an ED 50 of 0.25 mg/kg. This effect was mimicked by the selective a 2 -adrenoceptor antagonist RS-15385-197 (0.3 and 1 mg/kg orally). We assessed how dopaminergic mechanisms were involved in the anticataleptic effect of idazoxan by studying its effect on dopamine (DA) release in the striatum, with the microdialysis technique in conscious rats. Idazoxan (0.3 and 2.5 mg/kg) had no effect on extracellular DA and did not modify the rise of extracellular DA induced by haloperidol, indicating that changes of striatal DA release were not involved in the reversal of catalepsy. The anticataleptic effect of 2.5 mg/kg idazoxan (haloperidol+vehicle 288 7 8 s, haloperidol+idazoxan 47 7 22 s) was attenuated in rats given an intraventricular injection of 150 mg of the serotonin (5-HT) neurotoxin 5,7-dihydroxytryptamine (haloperidol+vehicle 275 7 25 s, haloperidol+idazoxan 137 7 28 s). The 5-HT 1A receptor antagonist WAY100 635 (0.1 mg/kg s.c.) did not affect the anticataleptic effect of idazoxan. The results suggest that idazoxan reversed haloperidol-induced catalepsy by a mechanism involving blockade of a 2 -adrenoceptors and, at least in part, 5-HT neurons.
INTRODUCTION
Blockade of a 2 -adrenoceptors may alleviate the extrapyramidal effects of neuroleptic agents (Nutt, 1994; Kalkman et al, 1998) . Particularly interesting is the finding that the a 2 -adrenoceptor antagonist idazoxan improves motor function in a severe form of motor disorder, progressive supranuclear palsy (Ghika et al, 1991) . Pilot studies indicate that idazoxan also improves motor symptoms in Parkinson's disease (Peyro-Saint-Paul et al, 1995) , l-DOPA-induced dyskinesias (Rascol et al, 2001; Grondin et al, 2000) , and experimental Parkinsonism (Bezard et al, 1999; Henry et al, 1999) .
Antagonists at a 2 -adrenoceptors facilitate dopamine (DA) transmission as shown by the fact that they enhance the effect of D-amphetamine on locomotor activity (Dickinson et al, 1988) and the ipsilateral rotation induced by Damphetamine in unilateral substantia nigra-lesioned rats (Mavridis et al, 1991) . Recently, various a 2 -adrenoceptor antagonists were found to inhibit the cataleptic response to loxapine (Kalkman et al, 1998) and yohimbine inhibited haloperidol-induced catalepsy as well (Al-Shabibi and Dogget, 1978; Kalkman et al, 1998) . Surprisingly, the a 2 -adrenoceptor antagonist idazoxan (Doxey et al, 1983) did not antagonize raclopride-induced catalepsy (Hertel et al, 1999a) .
There is considerable evidence that catalepsy induced by neuroleptics is because of blockade of nigrostriatal DA transmission (Sanberg, 1980; Calderon et al, 1988) . DA D 2 receptors are quite likely involved in this type of catalepsy, as D 2 receptor-deficient mice display catalepsy (Baik et al, 1995) and D 2 receptor occupancy predicts catalepsy in rats (Wadenberg et al, 2000) and extrapyramidal side effects in humans (Farde et al, 1992; Kapur et al, 1995 Kapur et al, , 2000 . The mechanism by which a 2 -adrenoceptor blockade improves motor function may reflect increased release of DA in the nigrostriatal pathway (Nutt, 1993; Kalkman et al, 1998) . A subcutaneous injection of 0.5 and 1.5 mg/kg idazoxan markedly increased extracellular DA in the medial prefrontal cortex, with no effect on DA output in the striatum and nucleus accumbens (Hertel et al, 1999b) . However, local administration of idazoxan in the striatum significantly increased DA output in this region (Hertel et al, 1999b) .
The present study was designed to examine whether idazoxan antagonized catalepsy induced by haloperidol and modified the effect of the neuroleptic on striatal extracellular DA, as measured by the in vivo microdialysis technique. To confirm that blockade of a 2 -adrenoceptors antagonized haloperidol-induced catalepsy, in one experiment we used a very potent and selective a 2 -adrenoceptor antagonist RS-15358-197 which, unlike idazoxan, has no affinity for the nonadrenoceptor imidazoline-binding sites (Brown et al, 1993) .
Serotonin (5-HT) appears to have a complex role in neuroleptic-induced catalepsy. This catalepsy is reduced after stimulation of 5-HT 1A and 5-HT 2A receptors (Hicks, 1990; Wadenberg, 1996; Invernizzi et al, 1988; NealBeliveau, 1993) , and blockade of 5-HT 2C receptors (Reavill et al, 1999) . Given that idazoxan enhances 5-HT release in the frontal cortex (Garrat et al, 1991; Matsumoto et al, 1998) and, at high doses, may stimulate 5-HT 1A receptors (Kawai et al, 1994; Llado et al, 1996) , the serotonergic system may play a significant role in the mechanism of action of idazoxan. Therefore, we investigated the anticataleptic effect of idazoxan in rats whose serotonergic neurons were selectively destroyed by neurotoxic lesions with 5,7-dihydroxytryptamine (5,7-DHT), or which were treated with the selective 5-HT 1A receptor antagonist WAY100635 (Forster et al, 1995) .
MATERIALS AND METHODS

Induction and Measurement of Catalepsy
Male CD-COBS rats (Charles River, Calco, Italy) were gently handled for 5 min/day for a week before the experiment. On the day of the experiment, 30-60 min before treatment with haloperidol, they were placed one per cage to adapt to the new environment. Rats were injected with 1 mg/kg haloperidol (0.3 mg/kg in one experiment) and catalepsy measured by gently placing their front limbs over a 10-cm high horizontal bar. The intensity of catalepsy was assessed by measuring the time the rats remained in this position, with the limbs completely immobile for a maximum of 5 min (Invernizzi et al, 1988) .
In another experiment, we evaluated the effect of idazoxan on catalepsy induced by haloperidol (1 mg/kg), in the grid test (Ahlenius and Hillegaart, 1986) . Rats were given haloperidol and 3 h later received idazoxan (1.5 and 2.5 mg/kg) or saline. At 1 h after idazoxan, rats were placed on a 601-inclined grid and, after 30 s habituation, the time they remained in the same position was measured for a maximum of 3 min.
Dialysis Procedure
Dialysis experiments were conducted in freely moving rats. Rats were anesthetized with 3.5 ml/kg Equithesin (1.2 g pentobarbital, 5.3 g chloral hydrate, 2.7 g MgSO 4 , 49.5 ml propylene glycol, 12.5 ml ethanol, and 58 ml distilled water) and placed on a stereotaxic apparatus (David Kopf Instruments, Tujunga, CA). A hole was drilled in the skull and a small incision made in the dura with a bent needle tip. The probe was lowered slowly into the rat anterolateral striatum, while being perfused (2-5 ml/min) with artificial cerebrospinal fluid (aCSF), and fixed to the skull vertically using anchorage screws and acrylic cement. Stereotaxic coordinates for the probe tip were as follows: AP ¼ +9.7, L ¼ +3.4, and V ¼ +3.4 from the interaural line according to the Paxinos and Watson (1982) atlas.
Vertical dialysis probes were prepared essentially as described by Robinson and Whishaw (1988) , except that the dialysis membrane was made of polyacrylonitrilesodium methallyl sulfonate (AN 69 Hospal S.p.A.; 310 mm outer diameter, 55 000 Da M.W. cutoff). The exposed membrane was 2 mm long.
Rats were allowed to recover from anesthesia, one per cage, with free access to food and water. About 24 h after surgery the inlet cannula was connected by polyethylene tubing to a 2.5 ml plastic syringe containing aCSF (composition in mM: 145 NaCl, 3 KCl, 1.26 CaCl 2 Á 2H 2 O, 1 MgCl 2 .6H 2 O in distilled water and buffered at pH 7.4 with 2 mM sodium phosphate buffer). Probes were perfused at a constant flow rate of 2 ml/min with a CMA/100 microinfusion pump (CMA/Microdialysis, Stockholm, Sweden). After a 30-min washout period, consecutive 20-min samples of perfusate containing DA were collected in minivials.
Analytical Procedure
DA in dialysate was assayed by high-performance liquid chromatography with electrochemical detection (HPLC-ED), as previously described (Invernizzi et al, 1990) . The chromatograph consisted of a Gilson pump with titanium head mod. 307 (Gilson, France), a Rheodyne injection valve model 7125 (Rheodyne, Cotati, CA), an analytical column (Supelcosil LC-18DB, 3 mm, 4.6 Â 150 mm, Supelchem, Italy), a guard column (4 Â 30 mm, packed with Perisorb, 30-40 mm, Merck, Germany), and an electrochemical detector (Coulochem II; ESA, Bedford, MA) equipped with an analytical cell consisting of two in-series electrodes (model 5011). The first electrode was set at +300 mV and the second at À280 mV. DA was read as second electrode output signal. The mobile phase consisted of 0.1 M sodium acetate, 0.34 mM sodium octyl sulfate, 0.1 mM Na 2 EDTA, 60 ml/l CH 3 OH, pH 4.2 with acetic acid, pumped at a constant flow rate of 1 ml/min.
Histology
At the end of the dialysis experiment, rats were deeply anesthetized with chloral hydrate and killed by decapitation; their brains were immediately removed and frozen on dry ice. Probe tracks were examined on 40 mm coronal sections from the striatum of each rat. Only rats with probe positioned in the region between 7 0.5 mm AP, 7 0.3 mm V, and 7 0.3 mm L of the striatum were included in the results (see scheme in Figure 5 ).
Drug Treatment
Rats were randomly assigned to the different experimental groups. Idazoxan (Institut de Recherche Pierre Fabre, Labège, France), WAY100 635 (Pharmacia, Nerviano, Italy), and RS-15385-197 (Roche Bioscience, Palo Alto, CA) were dissolved in sterile 0.9% NaCl solution (saline). Haloperidol (Lusofarmaco, Milan, Italy) was dissolved with a few drops of acetic acid and the solution was buffered to pH 5 with 5 M NaOH. Drugs were injected subcutaneously except for RS-15385-197, which was administered orally. Doses are referred to the free base.
Rats were given haloperidol (0.3 or 1 mg/kg) and, 3 h later, idazoxan (0.16, 0.31, 0.63, 1.25, 2.5, and 5.0 mg/kg), RS-15385-197 (0.1, 0.3 , and 1 mg/kg), or saline. Idazoxan and RS-15385-197 were injected 3 h after haloperidol since at this time catalepsy was fully established and the response remained undiminished for the duration of the experiment. To assess the role of 5-HT 1A receptors in the anticataleptic effect of idazoxan, rats were given the selective 5-HT 1A receptor antagonist WAY100 635 (0.1 mg/kg s.c.), 30 min before idazoxan (2.5 mg/kg). Different sets of rats were used for each treatment group.
The neurochemical studies follow the same protocol as the behavioral experiments. Once the basal extracellular concentrations of DA was stable (at least three consecutive samples differing less than 15% of the mean basal value), rats were injected with haloperidol and 3 h later with idazoxan (0.3 and 2.5 mg/kg) or saline. Extracellular DA was measured for 2 h after idazoxan injection.
5,7-DHT Injection
5,7-DHT creatinine sulfate (150 mg of the free base) (ICN Biomedicals, Milan, Italy) was dissolved in 10 mL distilled water containing 1 mg/ml ascorbic acid. Rats were anesthetized with Equithesin and placed on a stereotaxic apparatus (David Kopf Instruments, Tujunga, CA). 5,7-DHT or ascorbic acid solutions were infused monolaterally into the lateral ventricle at a constant flow rate of 4 ml/min with a microinjection pump (CMA/Microdialysis, Sweden). The needle was left in place for 1 min before withdrawal. To protect noradrenergic neurons, the rats were given 25 mg/kg desipramine 30 min before 5,7-DHT (Breese and Cooper, 1975) . Catalepsy experiments started 21 days after injection of the neurotoxin. To assess the efficacy and selectivity of the lesion with 5,7-DHT, 24 h after the experiment, vehicleand 5,7-DHT-treated rats were killed by decapitation and the concentrations of 5-HT, DA, and NA were measured in the forebrain by HPLC-ED as previously described (Pozzi et al, 1999) .
Statistics
The results of the experiments on haloperidol-induced catalepsy were examined by one-or two-way ANOVA (idazoxan plus WAY100 635 or 5,7-DHT), and post hoc comparison was carried out by Dunnett's and TukeyKramer's tests. The effect of idazoxan alone or in combination with haloperidol on extracellular DA was analyzed by ANOVA for repeated measures with time and treatment as within and between factors, respectively. The analysis was applied to the part of the curve from 20 min before to 120 min after idazoxan or saline.
RESULTS
Effect of Idazoxan and RS-15385-197 on HaloperidolInduced Catalepsy
The time course of haloperidol-induced catalepsy is shown in Table 1 . Maximum catalepsy occurred between 2 and 5 h after 1 mg/kg haloperidol when descent latency was longer than 200 s out of the 300-s test period. Typically, rats given vehicle remained immobile on the bar for 1-5 s. Although a few control rats remained on the bar longer, their descent latency never exceeded 22 s. Figure 1 shows the effect of 0.16-5 mg/kg idazoxan on haloperidol-induced catalepsy. The effect of haloperidol was significantly and potently inhibited by idazoxan (F(6,57) ¼ 10.9, Po0.001). The effect of idazoxan was dose dependent with an estimated ED 50 (dose reducing descent latency in rats given 1 mg/kg haloperidol by 50%) of 0.25 mg/kg (0.18-0.35 mg/kg, 95% confidence interval). The lowest dose of idazoxan that significantly reduced haloperidol-induced catalepsy was 0.31 mg/kg. Higher doses tended to have a larger anticataleptic effect although descent latencies were not significantly different from the rats given 0.31 mg/kg.
In the grid test, 2.5 mg/kg idazoxan reversed catalepsy induced by 1 mg/kg haloperidol, whereas 1.5 mg/kg of the drug had no significant effect (Figure 2 ). Rats were given 1 mg/kg haloperidol (n ¼ 6) or vehicle (n ¼ 8) and descent latency measured for a maximum of 5 min. Data are mean 7 SEM. ND, not determined. As shown in Figure 3 , RS-15385-197 dose-dependently reduced descent latency in rats given 1 mg/kg haloperidol 3 h before (F(3,40) ¼ 15.3, Po0.001). Post hoc comparisons showed that the effect of RS-15385-197 was significant at 0.3 and 1 but not at 0.1 mg/kg.
Effect of Idazoxan on Haloperidol-Induced Rise of Extracellular DA in the Striatum
A 1 mg/kg dose of haloperidol raised extracellular DA by 164%, 180 min after the injection (Figure 4) . The increase was significant from 40 min to the end of the observation period. Idazoxan (0.31 and 2.5 mg/kg) had no effect on basal (F(2,13) ¼ 1.3, P40.05) and haloperidol-induced rise of extracellular DA (F(2,13) ¼ 0.1, P40.05) (Figure 4) .
Effect of 5,7-DHT on the Anticataleptic Effect of Idazoxan
Intraventricular injection of 150 mg 5,7-DHT had no effect on haloperidol-induced catalepsy, but significantly attenuated the anticataleptic effect of 2.5 mg/kg idazoxan ( Figure  6 ) (F 5,7-DHT Â IDZ (1,20) ¼ 6.3, Po0.05). 5-HT concentrations in the forebrain were reduced by 90% in rats given 5,7-DHT intraventricularly (n ¼ 10) compared to those receiving vehicle (n ¼ 8) (vehicle 498 7 12, 5,7-DHT 50 7 6 ng/g, Po0.001, Student's t-test); the forebrain concentrations of DA (vehicle 1137 7 18; 5,7-DHT 1177 7 41) and NA (vehicle 226 7 8 and 5,7-DHT 226 7 7) were not significantly modified.
Effect of WAY100 635 on the Anticataleptic Effect of Idazoxan
As shown in Figure 7 , haloperidol (0.3 and 1 mg/kg) dose dependently increased descent latency. Idazoxan significantly reduced the increase induced by 0.3 mg/kg haloperidol, whereas 0.1 mg/kg WAY100 635, a 5-HT 1A receptor antagonist, had the opposite effect (Figure 7) . Two-way ANOVA found no significant interaction between WAY100 635 and idazoxan (F WAY Â IDZ (1,28) ¼ 0.04, P40.05), indicating that pretreatment with WAY100 635 did not modify the anticataleptic effect of idazoxan.
A 1 mg/kg dose of haloperidol caused a near-maximal increase of descent latency, and pretreatment with 0.1 mg/ kg WAY100 635 had no significant effect on catalepsy induced by this dose. As shown in Figure 7 , idazoxan significantly reversed the increase in descent latency induced by 1 mg/kg haloperidol but this effect was not significantly modified by pretreatment with 0.1 mg/kg WAY100 635 (F WAY Â IDZ (1,28) ¼ 0.9, P40.05).
DISCUSSION
As in previous studies (Costall et al, 1975; Invernizzi et al, 1988) , 1 mg/kg haloperidol caused maximal cataleptic response in rats and this effect was associated with Effect of idazoxan on basal and haloperidol-induced rise of extracellular DA in the striatum. Haloperidol (HAL; 1 mg/kg) or vehicle (VEH) was injected once basal extracellular concentrations of DA were stable (first arrow). After 3 h, (second arrow), rats were given 0.31 and 2.5 mg/kg idazoxan (IDZ) or saline (SAL), and DA release was followed for 2 h. Mean 7 SEM of five to six rats.
increased extracellular concentrations of DA in the striatum (Zetterström et al, 1984; Imperato and Di Chiara, 1985) .
The a 2 -adrenoceptor antagonist, idazoxan, potently reverses haloperidol-induced catalepsy in rats (ED 50 ¼ 0.25 mg/kg), an effect shared by other a 2 -adrenoceptor antagonists such as yohimbine and RX821002 (AlShabibi and Dogget, 1978; Kalkman et al, 1998) . Thus, the mechanism of the anticataleptic effect of idazoxan probably involves blockade of a 2 -adrenoceptors. This interpretation is supported by the finding that RS-15385-197, a selective a 2 -adrenoceptor antagonist with no affinity for the nonadrenoceptor imidazoline-binding site (Brown et al, 1993) , antagonized haloperidol-induced catalepsy. Idazoxan and RS-15385-197 are both a 2 -adrenoceptor antagonists, but they belong to different chemical classes. This chemical distinction increases the likelihood that their effects on haloperidol-induced catalepsy are based on their ability to act as a 2 -adrenoceptor antagonists and not on some secondary effect of either drug. The present results are in apparent contrast with a previous study in which 1.5 mg/kg idazoxan did not affect the catalepsy induced by the selective D 2/3 receptor antagonist raclopride, measured in the grid test (Hertel et al, 1999a) . In the same grid test, we found that 2.5 mg/kg idazoxan reduced the catalepsy induced by 1 mg/kg haloperidol whereas 1.5 mg/kg had no such effect. Thus, differences in the sensitivity of the test used to assess the anticataleptic effect of idazoxan may account for the discrepancy between the present results and those of Hertel et al (1999a) . Other factors such as the type and dose of neuroleptic used in the two studies, treatment schedules, and the criteria for measuring catalepsy may also account for the results.
The reversal of catalepsy by a 2 -adrenoceptor antagonists may be because of increased striatal release of DA that would compete with haloperidol to counteract its effect on striatal postsynaptic D 2 receptors responsible for catalepsy (Nutt, 1994; Kalkman et al, 1998) . In the present study, doses of idazoxan (0.3 and 2.5 mg/kg) blocking haloperidolinduced catalepsy had no effect on extracellular DA in the striatum and did not modify the rise of extracellular DA induced by 1 mg/kg haloperidol. These results are in line with previous findings that systemic doses of idazoxan in the range of those showing anticataleptic effect did not affect basal or the raclopride-induced rise of striatal extracellular DA (Hertel et al, 1999a) ; this argues against the theory that idazoxan reverses haloperidol-induced catalepsy by increasing striatal DA release. The finding that idazoxan and other a 2 -adrenoceptor antagonists antagonized muscular rigidity in reserpinized rats (Colpaert, 1987; Wagner and Anderson, 1982) is consistent with an action of idazoxan independent of DA release, and suggests that the drug might overcome the motor side effects associated with impairment of pre-and postsynaptic DA transmission in the nigrostriatal system.
Haloperidol-induced catalepsy might be reversed by idazoxan through an action on dopaminergic mechanisms in a brain region not examined in the present study. The drug strongly potentiates the increase of prefrontocortical extracellular DA induced by the selective D 2/3 receptor antagonist raclopride (Hertel et al, 1999a) , and injection of DA into the prefrontal cortex attenuates haloperidolinduced catalepsy (Tucci et al, 1994) . Thus, it is conceivable that idazoxan given in combination with haloperidol enhances the rise of cortical DA release caused by the neuroleptic and, as a consequence, attenuates catalepsy.
Catalepsy induced by neuroleptic drugs is modified by agents interfering with serotonergic neurotransmission (Hicks, 1990; Invernizzi et al, 1988; Neal-Beliveau et al, 1993) . We found that the anticataleptic effect of 2.5 mg/kg idazoxan was attenuated in rats whose serotonergic neurons had been selectively destroyed by intraventricular 5,7-DHT. This is compatible with the finding that doses of idazoxan in the range of those blocking catalepsy increased extracellular 5-HT in the brain (Matsumoto et al, 1998; Garrat et al, 1991) , and suggest that increased 5-HT release might contribute to the anticataleptic effect of idazoxan. It is conceivable that by removing the a 2 -adrenoceptor inhibitory tone on 5-HT neurons in the raphe (Svensson et al, 1975; Garrat et al, 1991) or nerve terminals (Maura et al, 1982; Garrat et al, 1991) , idazoxan enhances serotonergic transmission attenuating haloperidol-induced catalepsy. However, further studies are needed to prove that an increase in 5-HT transmission is involved in the anticataleptic effect of idazoxan.
Idazoxan can act as a 5-HT 1A receptor agonist, albeit at high doses (Kawai et al, 1994; Llado et al, 1996) and stimulation of 5-HT 1A receptors potently reverses neuroleptic-induced catalepsy (Hicks, 1990; Invernizzi et al, 1988) . Similar to idazoxan, the ability of the 5-HT 1A receptor agonist 8-OH-DPAT to reverse haloperidol-induced catalepsy is counteracted by the destruction of brain 5-HT neurons (Invernizzi et al, 1988) and is not associated with altered DA release in the striatum (Lucas et al, 1997) . These findings prompted us to examine whether the selective 5-HT 1A receptor antagonist WAY100 635 (Forster et al, 1995) antagonized the anticataleptic effect of idazoxan. WAY100 635 did not antagonize this effect, suggesting that 5-HT 1A receptors are not involved. Consistent with previous findings (Prinssen et al, 1998) , WAY100 635 enhanced catalepsy induced by 0.3 mg/kg haloperidol, a dose inducing a submaximal increase in descent latency.
In conclusion, the present results show that idazoxan potently reverses haloperidol-induced catalepsy. The anticataleptic effect is not dependent on an increase of DA availability in the striatum, but may be at least partly related to the drug's ability to interact with central serotonergic neurons. Finally, idazoxan apparently does not act by stimulating 5-HT 1A receptors to reverse haloperidol-induced catalepsy. Whether the stimulation of 5-HT transmission by other 5-HT receptor subtypes plays a role in the anticataleptic effect of idazoxan has yet to be determined.
